included in figure 1. Since the current through the platinum control contacts sealed into the reverse side of the wide-limbed mercury manometer was only a few micro amperes, the repeated making and breaking of the contacts, even in an atmosphere of oxygen, caused no sign of contamination of the mercury surface. Provided the current through the electrolytic cell was regulated so that the cell was on and off for approximately equal periods, the pressure variation during the control cycle did o; xo F igure 1. Apparatus for measuring rates of oxidation and circuit of electronic relay. V re presents a P X 4 valve, S a Sunvic hot-wire vacuum switch (type 602V), M the contacts in the manometer, C and and i ?2 resistances of 5 megohms and 5000 ohms respectively. not exceed 0*02 mm. During an oxidation run, therefore, the automatic device was employed to maintain the oxygen pressure close to the selected standard value, while at regular intervals the exact time at which the standard pressure was obtainedas indicated on the octoil manometer-was noted and the current burette level measured to 0*01 mm. The thiokol tubing, forming the flexible connexion to the reaction vessel, was baked out in vacuo for 16 hr. at 100° C before use; after such treatment only negligib amounts of permanent and condensable gases penetrated into the apparatus over periods of many days. The course of a typical oxidation run under such conditions is shown in figure 2. Oxidation commences without any apparent inhibition period. During the intro duction of up t'" 0*2 g.mol. oxygen/g.mol. ethyl linoleate a linear relation between the experimentally determined rates of oxidation and the extent of oxidation is satisfied. At higher extents of oxidation the curve deviates from linearity until at about 1*0 g.mol. oxygen/g.mol. linoleate the maximum rate of oxidation is reached. In this investigation, attention has been concentrated on the earlier stages^of oxidation, during which, there is reason to believe, the complications associated with secondary reactions-such as peroxide decomposition and molecular intercondensation-are cf minor importance.
Formation of volatile products. In the case of a sample of ethyl linoleate oxidized at 45° C the formation of products condensable in liquid oxygen was found to corre spond to 1 mol. for every 70 and 100 mol. oxygen reacted during the introduction of the first and second 0*2 g.mol. oxygen/g.mol. ethyl linoleate respectively. Analyses indicated that at least 90 % of the volatile products was water.
Peroxide formation. Measurement of the peroxide content carried out at the conclusion of or during the course of oxidation runs at 45° C have shown that divergent results are obtained from the two analytical methods-ferrous thiocyanate and Dastur-Lea iodometric-employed. This is illustrated in figure 3 , where the fraction ( Y) of oxygen atoms in the oxidized linoleate which are active in oxidiz Fe++ or H I respectively is plotted against the total extent of oxidation. This repre sents the first instance encountered where more than half the total reacted oxygen is active towards either ferrous thiocyanate or hydriodic acid (in particular, it may be mentioned that both methods agree in estimating the active oxygen content of oxidation products from the very similar ethyl linolenate at exactly half the total oxygen absorbed). Pending further investigation of the matter, peroxide deter minations by the iodometric method have been taken as correct. Active hydrogen content. The active hydrogen content of samples of oxidized ethyl linoleate was determined by the method described by Bolland (1941) . Duplicate analyses'gave the following results: the peroxide contents (based on iodometric estimations and on measured extent of oxidation of samples) of three samples were 0*290, 0*272 and 0*120 g.mol. peroxidic oxygen/g.mol. ethyl linoleate respectively; the corresponding active hydrogen contents were determined as 0*143, 0*141 and 0*062 g.mol. active hydrogen/g.mol. ethyl linoleate. In each case the active hydrogen content was, within experimental error, half the peroxidic oxygen content.
Chromatographic analysis of oxidation products. Samples of oxidation products were dissolved in 40-60° C petrol ether and passed through a short (ca. 10 cm.) column of activated alumina (Savory & Moore) in an atmosphere of nitrogen. The chromatogram was eluted with a further quantity of 40-60° petrol ether, which was collected in several separate successive portions. These were evaporated down in vacuo at room temperature and the residues weighed. In one experiment a* solu tion of 4*2500 g. oxidized ethyl linoleate, containing 0*184 g.mol. oxygen/g.mol. ethyl linoleate, in 150 c.c. petrol ether was chromatographed in the above fashion. The first 250 c.c. petrol ether passing through the column contained 3*4121 g. residue, the next 100 c.c. 0*0075 g., and a further 100 c.c. 0*0010 g. As all three residues contained only negligible amounts of peroxide, the separation between oxidized and non-oxidized ethyl linoleate was taken to be complete at this stage. The oxidized portion remaining in the chromatogram accordingly amounted to 0*8294 g., con taining 1*01 g.mol. oxygen/g.mol. Oxygen pressure. A series of short measurements of the rate of oxidation of a sample of partly oxidized ethyl linoleate (oxygen content ca. 0*1 g.mol./oxygen/ g.mol. linoleate) was carried out while the oxygen pressure was maintained at a succession of widely varying values in the range 4-760 mm. Any increase in the rate of oxidation arising from an increase in extent of oxidation was, corrected for by interspersing the series with measurements at a selected standard pressure (actually 17 mm.). A lower limit was placed on the range of pressures employed by the neces sity of ensuring that the rate of diffusion of oxygen into the liquid phase did not become a rate-controlling factor. At the lowest pressure included in the series of experiments, from which figure 5 was constructed, a twofold increase in the rate of shaking the reaction vessel had no effect on the rate of oxidation.
The results of similar sets of measurements at 22 and 65° C are incorporated in table 1.
Temperature. Oxidation runs carried out in the temperature range 35-75° C conformed to the character shown in figure 2. The slopes of the initial portions of the rate of oxidation v. extent of oxidation curves are recorded in table 1.
Oxidation of ethyl linoleate in 'presence of benzoyl peroxide. In a short series of oxidation runs at 45° C, the effect of addition of benzoyl peroxide in various con centrations was determined. In each experiment the oxidation was followed sufficiently far to give an accurate (extrapolated) value of the rate of oxidation at zero extent of oxidation. The initial rates of oxidation conformed accurately to the equation ( Thermal decomposition of ethyl linoleate hydroperoxide. It will be shown below that the thermal decomposition of the linoleate hydroperoxide plays an important role in the oxidation mechanism suggested, and this reaction has therefore been studied in some detail. A full account will be published elsewhere; it is sufficient for present purposes to note the main conclusions:
(a) Decomposition is substantially bimolecular with respect to peroxide con centration, the velocity constant at 45° C, for example, being 1*50 x 10-4 (g.mol. peroxide/g.mol. linoleate)-1 min.-1.
(6) N ot more than one molecule of water is formed for every two peroxide mole cules decomposed.
(c) The temperature coefficient corresponds to an apparent energy of activation of 26 kcal./g.mol.
Kinetic studies in the 'chemistry of rubber and related materials 225 f I wish to thank Dr W. J. C. Orr for making available these calculations and for the benefit of discussion on the importance of resonance energies in the present problem. into which substituents (e.g. -OOH) are introduced into the radical by succeeding reaction processes may well be affected by other factors, it is probably of significance that the formation of products of the types (VII) and (VIII) will be favoured at the expense of (IX) by the resonance energy (ca. 7 kcal./g.mol.) associated with their conjugated structure: It is thus to be anticipated that the oxidative attack on ethyl linoleate mono-hydro peroxide is relatively difficult, so that in the early stages of oxidation the formation of even the most probable di-hydroperoxides, e.g. 
CH3(CH2)3CH(OOH). C H =C H -C H =C H -CH(OOH). (CH2)7COOEt

Kinetic analysis
Under all experimental conditions examined, the course of oxidation (cf, figure 2) shows the well-known characteristics of the autocatalytic reaction, but it is to be noted that a finite rate of oxidation is observed even at zero extent of oxidation. This points to the composite nature of the oxidation, and, indeed, examination has shown that it is permissible to attribute the overall rate of oxidation to two distinct types of reaction, which may with advantage be considered independently. The results of the oxidation rate measurements detailed in the experimental section may be summarized by the following expression: Any reaction mechanism which may be advanced for the peroxide-catalysed oxidation of ethyl linoleate must fulfil three essential requirements: (a) it must account for the kinetic characteristics of the oxidation, (6) it must provide a satis factory explanation of the catalytic action of peroxide, and (c) it must be consistent with information derived from chemical evidence.
In considering many alternatives, the reaction scheme (721-12 6) alone has been found to satisfy the first two of these three criteria. This mechanism requires that the thermal oxidation of ethyl linoleate should, in common with many different types of oxidation, be a chain reaction,* and that chains should be initiated by the formation of free radicals from the thermal decomposition of linoleate hydro peroxide, and terminated by the mutual destruction of the particular radicals which act as chain carriers. In the somewhat generalized formulation below, these chain carriers are denoted by X and Y :
Kinetic studies in the chemistry of rubber and related materials 229 Two limiting forms which the rate equation deduced from the above mechanism may assume, will be discussed in the first instance. The stationary concentration of the chain carrier, X , will be determined by the rate at which it is formed by the propagation reaction (123) and the rate at which it is destroyed by termination 
Equation (4) is in complete accord with our experimental results at high oxygen pressures, since in the pressure range 100-700 mm. the rate of oxidation was found to be proportional to the hydroperoxide content (figure 2) and ethyl linoleate concentration (figure 4) and almost independent of oxygen pressure (figure 5). The increasing influence of the oxygen pressure on the rate of oxidation as the former is reduced from 100 to 4 mm. is apparent from figure 5. The intervention of experimental difficulties prevent reliable rate measurements being made below about 4 mm. oxygen pressure, but if it is legitimate to extrapolate the straight line shown in figure 5A it follows that equation (5) is obeyed at still lower oxygen pressures.
In order to derive a kinetic equation applicable at all oxygen pressures, reaction (5) has to be considered as well as (4) Under 'standard' conditions of temperature (45° C), oxygen pressure (100mm.) and initial linoleate concentration (100 %), equation (7) (6) and (9) respectively) lies in the assumption that chain termination occurs by mutual deactivation of two chain carriers. Accordingly, the proof by direct experi ment (cf. equation (2)) that the rate of oxidation catalysed by dibenzoyl peroxide is in fact proportional to ^[C] provides valuable confirmation of the correctness of the suggested chain termination mechanism (i£4-2?6).
When comparing the chain lengths of oxidation, initiated by dibenzoyl peroxide and linoleate hydroperoxide, conditions must be chosen under which the rates of peroxide decomposition are equal. Thus at 45° C the rate of decomposition (1*5 x 10-6 g.mol. peroxide/g.mol. ethyl linoleate/min.) is the same in samples of ethyl linoleate containing 0-05 g.mol. dibenzoyl peroxide/g.mol. ethyl linoleate and 0-10 g.mol. linoleate hydroperoxide/g.mol. ethyl linoleate respectively. Since the rates of oxidation (at 100 mm. oxygen pressure) of these samples are 3*2 x 10~4 and 15-2 1*4 x 10-4 g.mol. 0 2/g.mol. linoleate/min., the respective chain lengths are 213 and 96. In view of uncertainty as to the number and chain-starting efficiency of the radicals formed by the decomposition of the two different peroxides, it is felt that the correspondence between the chain lengths is satisfactory and provides con vincing evidence that the .thermal oxidation of ethyl linoleate is in fact initiated by hydroperoxide decomposition.
Identity of chain carriers
The foregoing discussion o f the oxidation of ethyl linoleate, catalysed by ethyl linoleate hydroperoxide and dibenzyl peroxide, shows that the mechanism 6) does satisfy the first two of fhe three requirements given on p. 229; in particular, the nature of the chain-initiation and chain-termination steps have, it is felt, been fully established. It is important to note that no assumptions regarding the actual form that the chain carriers X and Y take have been involved.
In deciding the identity of the chain carriers the remaining requirementconsistency between kinetic and chemical conclusions-is of importance: due weight must be given to the spectroscopic evidence which points conclusively to the formation during the oxidation chain of linoleate radicals (of types (V) and (VI)) which is denoted, in conformity with the other abbreviated formulae, by -. In order to reconcile this view and the requirement that one propagation reaction must, from kinetic analysis, involve an oxygen molecule and the other an ethyl linoleate molecule, X is identified as R-and Y as i? 0 2-, i.e. molecules with the radical end-group O-O-substituted in one of the three alternative a-methylene groups.
The precise sequence of reactions by which R-or _R02-radicals are in the first instance formed from the decomposition of the hydroperoxide has not been deter mined, but doubtless all the possible free radicals which might be primary products of decomposition could generate R-radicals by the removal of hydrogen atoms from ethyl linoleate molecules. It is not of course possible to determine the correct chemical formulation of the three termination reactions from kinetic evidence; in the case of 4) and (R5) the possible alternatives to the formation of R-R and R-O-O-R bridges between linoleate molecules are not obvious. On the other hand, in the third ter mination reaction ( R6 ) cross-linking must almost certainly be accompan elimination of oxygen or the introduction of oxygenated groups in the neighbourhood of the a-methylene groups concerned. In the early stages of oxidation such crosslinking will be of minor significance; when, however, oxidation reaches more advanced stages, and the chain length presumably becomes short (cf. equation (8)),this type of reaction will become increasingly important and may make a definite contribution towards the * drying ' phenomena which materials like ethyl linoleate exhibit.
An alternative which is formally satisfactory from the kinetic standpoint is that the chain carriers are H-and H 0 2-. As this view, however, provides no possible explanation of the conjugated structure of the oxidation products, it is not con sidered tenable.
The activation energies of the elementary reactions
The apparent energy of activation calculated from the temperature coefficient of the oxidation rate is a composite quantity, and according to (4) equal to Ez + \{E X -E6) under conditions of very high oxygen pressure. Extrapolation of directly determined rates of oxidation (normally at 100 mm.) to infinite pressure may be carried out by means of the equation
Jr which, it was noted earlier, is in agreement both with experiment and the approxi mate theoretical equation (6). Table 1 Kinetic studies in the chemistry of rubber and related materials 233 From equations (4) and ( It is obviously not possible to evaluate the four activation energies involved from (14) and (15). EA, since it corresponds to recombination of hydrocarbon radicals, may, however, be taken to be about 6 kcal./g.mol. On this assumption, Ez is esti mated at -1*5 kcal./g.mol.
Ez and Ez are interrelated in Without making any assumptions as to the magnitude of Ez (which may well be different from EA ) we may therefore estimate Ez at not less than 4*2 kcal.
In view of uncertainty as to some of the energies introduced in the above argument (especially and AHS), it is not perhaps surprising that the value of E2 so derived is negative. It seems, however, permissible to conclude that the energy of activation required for 7202-+ R B . Since it is unlikely that D'0_ 0 will exceed D 0_0 by more than 41 kcal., the energetic requirement for the second propagation reaction (f23') is considered fulfilled. The final conclusion is that the set of elementary reactions which permit of the complete interpretation of the kinetic data is also satisfactory from the thermo chemical point of view. I wish to express my thanks to Dr G. Gee for the benefit of many helpful and stimulating discussions during the course of the above work, which forms part of the programme of fundamental research undertaken by the Board of the British Rubber Producers' Research Association.
